Abstract-3-D printing technology has attracted growing interest of many researchers in the area of antenna design as a new prototyping and manufacturing technology. It is capable of forming arbitrary 3-D structures with lower cost and shorter prototyping time. This paper aims to present a novel methodology to control antenna radiation pattern based on 3-D printing of specially designed dielectric material, which realizes spatially dependent dielectric constants around the antenna. As a proof-ofconcept, we propose a design of a quarter-wavelength monopole antenna surrounded by a 3-D-printed polymer structure with an optimized dielectric property distribution. Unlike the conventional donut-shaped pattern of a quarter-wavelength monopole antenna, one-beam and multiple-beam patterns are obtained using a genetic-algorithm-based optimization. Different dielectric constant spatial distributions are realized by changing the ratio of the dielectric to air at the unit cell level in the entire antenna volume. A two-beam monopole prototype is designed, fabricated, and tested. The measurement results demonstrate agreement with the simulation results. The proposed design method enables another degree of freedom for antenna design, which can be extended to other types of antennas.
design achieves a sectorial beam; the other design achieves an elliptical Gaussian beam. Those designs, however, are limited to one-beam applications. In addition, they tend to increase the antenna size to tens of wavelengths.
Inhomogeneous dielectrics have also been used to tailor antenna radiation patterns. In [5] , a gradient index slab lens antenna is used to increase the directivity and gain of a horn antenna. In [6] , rotatable planar phase shifting surfaces are used to control the beam as lighter alternatives of the wedges in [1] and [2] . Although these designs provide compact solutions to control antenna radiation patterns, they are still limited to one-beam applications, and the radiation patterns are restricted to the feed antenna radiation patterns.
Dielectrics, however, are not limited to slightly modifying the antenna radiation patterns. Instead, it is possible to fully reshape the antenna radiation patterns as another degree of antenna design freedom, which is enabled by 3-D-printing technologies. In this paper, based on the genetic algorithms (GAs) optimization, we have studied a quarterwavelength monopole antenna on a finite ground plane and surrounded by an optimized dielectric constant distribution. The low-profile dielectrics are capable of changing the antenna radiation pattern from an omnidirectional shape to many other shapes, including one-beam and multiple-beam shapes. The dielectric inhomogeneity is then implemented experimentally by 3-D printing technology [7] , which features fast and low-cost prototyping. The loaded dielectrics have a size of 2λ 0 ×2λ 0 ×0.25λ 0 . This paper proves an effective way to manipulate antenna radiation patterns based on dielectrics. A single-antenna element could achieve narrower beams and higher gain like an antenna array. Besides, it offers another degree of freedom for antenna design.
This paper is organized as follows. Section II introduces the design procedures; the ideal model design verification is first introduced, and then the design of a 3-D-printingcompatible dielectric structure is realized. Section III studies the bandwidth and radiation pattern stability versus frequency, and investigates the effect of a wider range of ε r and a larger GA population size on the antenna performance. Section IV presents the fabrication and measurement results, which demonstrate good agreement with the simulation results. Finally, Section V concludes this work and proposes some possible future work.
II. DESIGN PROCEDURE A. Ideal Model
The electromagnetic wave propagation manipulation is achieved by changing the dielectric constant distribution 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and thereby the refractive index distribution along the path.
To obtain the desired antenna radiation pattern, the dielectric constant distribution is adjusted around a quarter-wavelength monopole above a finite ground plane. An ANSYS HFSS model is built as shown in Fig. 1 . A monopole antenna (quarter-wavelength at the design frequency of 15 GHz) is placed on a finite ground plane with a size of 40 × 40 mm 2 .
The monopole has a 0.5-mm diameter and a 4-mm height. It is surrounded by 100(10 ×10) unit dielectric cells (ideal blocks). Each unit cell is designed to have a size of 4 mm × 4 mm × 4 mm, corresponding to 0.2λ 0 at 15 GHz, which is a good compromise between the effective medium approximation and the printing accuracy. The overall 10 × 10 array size is a trade-off between the effectiveness of the radiation pattern control and compactness of the antenna. These ideal blocks may have different ε r from each other. The ε r varies from 1.1 to 2.4 with a discretization of 0.1. This ε r range can be conveniently implemented using a 3-D printing technique reported previously [7] . To obtain the desired antenna radiation pattern, the dielectric constant distribution needs to be calculated first. This is achieved by controlling the ANSYS HFSS simulator with a home-made GA code based on MATLAB. The dielectric constant distribution, as chromosomes in the GA, is optimized to achieve the desired antenna radiation pattern. In the GA, the population size is chosen as three for the parallel HFSS simulation consideration. The dielectric constant of each unit cell is treated as a chromosome and has a mutation rate of 0.1. The best two candidates among all individuals will be selected and recombined by crossover to get the new generation. The one-point crossover method is employed in the optimization process. There are 100 chromosomes in total because of the 10 × 10 dielectric blocks in the design space. Therefore, during each crossover operation, a random 2-D point (x, y) is generated as the crossover boundary, where x, y ∈ [1, 9] and x, y ⊂ N + . One parent offers gene before the point (x, y) and the other parent offers gene after the point (x, y). Generationby-generation, the genes of the best individuals are kept and the optimized solution is found.
In theory, a monopole antenna achieves maximal radiation at the elevation angle of θ = 90°. Nevertheless, when the finite ground is taken into consideration, the maximal radiation direction can be shifted [8] . As a result, our radiation pattern optimization is carried out at θ = 60°.
Three antennas with different patterns (i.e., one, two, and three beams) are designed using this method. To simplify the optimization, a symmetric permittivity distribution with respect to the x-axis is applied, which reduces design parameters by 50%. Consequently, the radiation pattern is symmetric with respect to the x-axis; in the optimization goal setting, only ϕ ∈ [0°, 180°] is considered. The one beam example has a goal of maximal gain at ϕ = 0°and less-than-zero-dBi gain for ϕ ∈ [60°, 180°]. Correspondingly, the optimization goal specification is a maximum of fitness_1 = gain(0°) − max{0 dBi, max[gain(60°-180°)]}. It should be noted that the 0-dBi standard is to ensure that high gain at ϕ = 0°is guaranteed in the goal. The two beam example has a goal of maximal gain at ϕ = 60°a nd less-than-zero-dBi gain for ϕ ∈ [90°, 180°], [0°]. The optimization goal specification is a maximum of fitness_2 = gain (60°) − max{0 dBi, gain(0°), max[gain(90°-180°)]}. Last, the three beam example has a goal of maximal gain at ϕ = 30°, 180°and less-than-zero-dBi gain for ϕ∈ [90°, 140°], [0°]. Therefore, the optimization goal specification is a maximum of fitness_3 = min{gain(30°), gain(180°)} − max{0 dBi, gain(0°), max[gain(90°-140°)]}.
In summary, the GA optimization problems are defined as follows:
1) objective function: fitness value as large as possible (stop the optimization process when there is no significant improvement, e.g., fitness < 0.3, after tens of generations); 2) fitness function;
and G(θ, φ 2 ) ≥ 0; 3) constraints: a ε r range of 1.1-2.4 with a discretization of 0.1; 4) crossover probability and method: 100%; one-point crossover; 5) mutation probability: 0.1; 6) mutation type: generating a random ε r . The optimized antenna radiation patterns of the three examples are shown in Fig. 2 (a)-(c). Based on the simulation results at the elevation angle of θ = 60°, the one-beam antenna has a gain of nearly 8 dBi at ϕ = 0°, and the sidelobe level is less than −6 dB; the gain of the two-beam antenna is more than 7 dBi at ϕ = ±60°, whereas the sidelobe level is less than −6 dB; the gain of the three-beam antenna approaches 6 and 7 dBi at ϕ = ±30°and 180°, respectively, and the sidelobe level is less than −6 dB. The ε r distributions of the three examples are shown in Fig. 2(d) -(f), where the monopole is located at the center of each dielectric structure.
Because of the relatively small ε r range (i.e., 1.1-2.4 with 0.1 increments) and the need to reduce computation time, a population size of three in the GA was used. However, GA usually works better with a larger population size. To investigate this point, a population size of 30 is also applied. The optimization result is shown in Fig. 3 . It is observed that the main lobe is narrower corresponding to a 0.5 dB increase of gain.
In summary, all three cases produce a good radiation patterns corresponding to the optimization goals, as illustrated in Fig. 2 . These results clearly demonstrate the effectiveness of the dielectric loading mechanism in achieving the desired one-or multiple-beam antenna patterns.
B. Practical 3-D-Printing-Compatible Model 1) Unit-Cell Design:
The standard quarter-wavelength monopole antenna is surrounded by 100 dielectric blocks. A single block is defined as a unit cell. To realize an effective dielectric constant for each unit cell isotropically while maintaining the mechanical support of the whole structure, the unit cell is designed as shown in Fig. 4 . The unit cell has a size of 4 mm × 4 mm × 4 mm. The dark blue part is the 3-D-printed polymer material, which has ε r = 2.7 and tan δ = 0.02. The polymer part contains a dielectric cube with a variable dimension b. By changing b and thereby, the filling ratio of the polymer material in the unit cell (i.e., mixing polymer and air at different ratios), effective dielectric constants between 1 and 2.7 can be obtained. It is worth noting that for the mechanical connection and support of the whole dielectric structure, small 3-D-printed pillars with a cross section of 0.8 mm × 0.8 mm are used to connect adjacent unit cells. Such a small cross section size will not negatively impact the dielectric property control but provide adequate mechanical strength for the structure. The effective permittivity of a unit cell is designed by the analytical effective medium approximation based on the polymer filling ratio f using ε r = ε p · f + 1 · (1 − f ), where ε r is the effective relative permittivity of the unit cell, and ε p is the relative permittivity of the polymer material [7] . Next, the effective permittivity is verified by finite-element simulations using the HFSS software. The unit-cell geometry is modeled as shown in Fig. 4 . From the simulated S-parameters, the effective medium property is extracted using the Nicholson-Ross-Weir method [9] , [10] . Fig. 5 shows the final design curve plotting the effective medium dielectric constant as a function of the cube dimension b. It should be noted that although the model shown in Fig. 4 is for the x polarization, due to the symmetry of the unit cell structure in the x, y, and z dimensions, the unit cells have isotropic properties and will work for other polarizations.
2) Whole Structure Design: Based on the results in Fig. 5 and the dielectric constant distributions in Fig. 2(d)-(f) , three antenna design models are implemented, as shown in Fig. 6(a)-(c) , to validate the previous analysis and designs. The blue part in the HFSS models is the polymer model material, VeroBlackPlus RGD875 from Stratasys Ltd. These dielectrics stand on a ground plane with a size of 40 mm × 40 mm. The quarter-wavelength monopole antenna of a 4-mm length (around quarter-wavelength at 15 GHz) is located at the center of the dielectric.
The simulated electric field distributions on the horizontal plane 3 mm above the ground of the three structures are shown in Fig.6(d)-(f) . It can be seen that the radiation of the one-beam antenna design is concentrated at ϕ = 0°. For the two-beam antenna design, the radiation is concentrated around ϕ = ±60°, whereas for the three-beam design, the radiation is concentrated in the ϕ = ±30°and 180°. The radiation patterns at the elevation angle of θ = 60°for both the practical 3-D-printed structure models (the entire printed dielectric structure including dielectric polymer and pillars, i.e., Fig. 6(a) ; both dielectric constant and loss tangent are included) and the ideal lossless dielectric blocks models (all the unit cells are assigned by the desired dielectric constant, i.e., Fig. 1 ), are shown in Fig. 6(g)-(l) . The red solid curves represent the practical models and the blue dashed curves represent the ideal models. It is observed that the radiation patterns of the 3-D-printed and ideal models are consistent. The gain of the 3-D-printed models is about 0.5 dB smaller than that of the ideal models, which is mainly due to the inclusion of the material dielectric loss (tan δ = 0.02 [7] ) in the 3-D-printed models.
III. ANALYSIS AND DISCUSSION

A. Bandwidth and Pattern Versus Frequency
Most antenna applications require coverage of a certain frequency band. Accordingly, it is worthwhile studying the antenna bandwidth and the radiation pattern in the entire frequency band. Adding dielectrics around a monopole antenna would cause a shift in the antenna center frequency. Due to the increase of the effective dielectric constant around the monopole, the resonant frequency decreases. A 5-mm long monopole in air, which has its center frequency at 15 GHz, is used as a reference. The length of the monopole under consideration with the loaded dielectrics is selected to be quarter wavelength at 15 GHz (4 mm). Fig. 7 shows the simulated reflection coefficient S 11 of the monopoles with and without dielectric loading. It can be seen that each case has slightly different S 11 compared to the reference monopole antenna. However, all of these cases have −10 dB impedance bandwidth greater than 15%. As a result, it can be concluded that the dielectric loading has a small impact on the monopole bandwidth.
The radiation patterns are stable from 14.8 GHz to 16.8 GHz, in which the range of S 11 is smaller than −10 dB for all three dielectric-loaded antennas, as illustrated in Fig. 7 . Fig. 8 presents the radiation patterns of the dielectric-loaded antennas at 14.8 GHz, 15.8 GHz, and 16.8 GHz. Over the frequency range, the main lobes are at least 3 dB higher than the side lobes. In summary, these patterns are relatively stable over their −10 dB impedance bandwidth.
B. Effect of the Dielectric Constant Range
The dielectric constant range in the design examples is selected to be between 1.1 and 2.4 with 0.1 increments. Dielectric constants in this range are easily achievable with commercially available 3-D printers and corresponding printable materials. However, it is worth studying the improvement in antenna performance when a higher dielectric constant range is available as expanding the electromagnetic (EM) properties of 3-D printable materials is an important and ongoing research topic [11] , [12] . Our preliminary result has shown that a wider and more flexible dielectric constant range can enable more control over gain and radiation patterns. For example, if the dielectric constant ranges from 1 to 4 with continuous variation, the one-beam monopole design can achieve 9.5-dBi gain, an improvement of about 1.5 dB compared to the previous example, as shown in Fig. 9 .
Compared with an antenna array of the same size, the dielectric loading method has its pros and cons in terms of gain improvement. Theoretically, for a 4 × 4 monopole antenna array (assuming a 0.5λ 0 element spacing) on a 2λ 0 × 2λ 0 ground, which has the same aperture size as the proposed antenna, the maximal antenna gain could be as high as 17.19 dBi, which is much larger than the 9.5 dBi that the dielectric loading method achieved assuming a dielectric constant range from 1 to 4. Nevertheless, an antenna array needs a feeding network with an appropriate phase distribution, which adds more cost and complexity. In addition, the proposed method has some advantage in the flexibility of obtaining multiple beams.
IV. FABRICATION AND MEASUREMENT
The proposed design methodology is compatible with additive manufacturing, or often referred to as 3-D printing technology. It allows realization of arbitrary 3-D structures with low cost and short prototyping time compared to conventional manufacturing methods. There are multiple types of 3-D printing technologies, including selective sintering and melting, powder binder bonding, extrusion, layer-by-layer bonding, and polymerization [13] . In this paper, polymer jetting rapid prototyping, one of the polymerization techniques, is employed to implement the proposed antenna design. Previously demonstrated EM components using the polymer jetting technique include EM bandgap structures [14] , Terahertz (THz) electromagnetic crystal horn antennas [15] , THz waveguides [16] , holograms [17] , Luneburg lens antennas [9] , and dielectric reflectarray antennas [18] .
In this paper, a commercial polymer jetting 3-D printer, Objet Eden 350, is employed. The printer has a droplet size of 84 μm × 42 μm × 16 μm. First, a computer-aided design file containing the structure information is sent to the printer controller. Correspondingly, the controller converts the structure information into a series of layered slices, with each slice representing a 16-μm-thick region of the designed model. Next, printer heads print a layered polymer structure in accordance with the received data. The extruded polymer is cured immediately by the ultraviolet lamps on the print heads. After printing one layer, the construction stage moves down 16 μm and another layer is deposited on top of the previous layer.
Objet Eden 350 allows simultaneous printing of two types of materials from two different printing heads. Although only one kind of materials is required as the model material, the other type of removable (e.g., water soluble) support material is necessary for the printing process. The support material fills in any gap and prevents the polymer from drooping during printing. After the whole structure is printed, the support material will be removed by high-pressured water. In this paper, the model material is an acrylic polymer, VeroBlackPlus RGD875 from Stratasys Ltd. The support material is FullCure 705.
For proof-of-concept, the designed two-beam antenna is built to validate the proposed design methodology, as shown in Fig. 10 . The size of the 3-D-printed dielectric structure in black color is 40 mm × 40 mm × 4 mm. The dielectric structure is secured on the ground plane via adhesive. An SubMiniature version A (SMA) connector is mounted beneath the ground as the antenna feed. Fig. 11 presents the measured reflection coefficients in comparison with the simulations. It is observed that the reflection coefficients of the simulated and measured 4-mm long monopole have some discrepancy. Two factors contribute to the discrepancy. The first factor is due to the fabrication tolerance. The length of the experimental monopole is measured to be 4.1 mm, which is 0.1 mm longer than 4 mm. The second factor is due to the 0.4-mm thickness of the ground, which in turn introduces a metal-air-metal structure between the SMA feed and the monopole antenna, as shown in Fig. 10(c) . After including these two facts in the HFSS model, the simulation results become more consistent with the measurement data, as shown in Fig. 11 .
The antenna radiation pattern at the elevation angle of θ = 60°is measured at 15 GHz. Antenna gain is calibrated using a standard gain horn antenna. The measurement results are compared with simulations in Fig. 12 . Both the co-polarized and cross-polarized radiation patterns agree reasonably well with simulation results, which clearly demonstrates two gain maxima at φ = ±60°.
V. CONCLUSION This paper proposes a compact and effective way to manipulate monopole antenna radiation patterns using dielectric loading. As a proof-of-concept, we studied the design of quarter-wavelength monopole antennas, loaded with optimized dielectric distributions using GAs. By changing the dielectric constant distribution around the monopole, one-beam and multiple-beam radiation patterns can be obtained. The dielectric constant distribution is accomplished by digitizing the volume surrounding the monopole into unit cells that are made of polymer mixed with air voids. The dielectric property of each unit cell is controlled by changing the polymer to air mixing ratio. This design methodology is compatible with the polymer jetting 3-D printing technology. A two-beam monopole antenna prototype is fabricated using a polymer jetting 3-D printer. The measurement results agree well with the simulation predictions. The proposed design and fabrication approaches enable another degree of freedom for antenna design, which could be applied to other types of antennas as well, especially if a complete 3-D spatial dielectric property distribution is used. For instance, 3-D-printed dielectrics could be loaded surrounding a patch antenna and control its radiation pattern.
The insight of some interesting aspects could further improve this paper. First, although only the radiation pattern control at the elevation angle of θ = 60°is studied in this paper, 3-D radiation pattern control should be possible if a complete 3-D spatial dielectric distribution is implemented. Second, expanding the available dielectric property range will enable more control over the radiation pattern. Third, if controlling of the material permeability μ r and the conductivity σ can be realized, more flexibilities and merits await. Fourth, reconfigurable beam forming is intriguing and deserves more research. For example, if liquid crystal or other tunable dielectric materials can be incorporated in the 3-D printing process, dynamic control of radiation patterns and other antenna parameters will be possible. 
